RecA protein (product of the recA gene), without the help of any other protein, is able in an ATP-dependent reaction to mediate the entire recombination process including the search for homology, homologous pairing and strand transfer (for a review see Radding, 1982; Howard-Flanders et al., 1984b).
RecA-DNA helical complexes in genetic recombination
RecA protein (product of the recA gene), without the help of any other protein, is able in an ATP-dependent reaction to mediate the entire recombination process including the search for homology, homologous pairing and strand transfer (for a review see Radding, 1982; Howard-Flanders et al., 1984b) .
In this short review, we describe RecA-DNA complexes and how formation of a RecA complex with single-stranded DNA leads to a complete strandexchange reaction between double-stranded linear DNA molecule and homologous to it single-stranded circular DNA molecule.
Structure of RecA-DNA complexes
The first evidence that RecA protein reacts with DNA by forming a continuous thick filament along DNA was obtained by West et al. (1980) . Micrographs presented by them show complexes of RecA protein with doublestranded DNA formed in the presence of adenosine 5 ' 9 -thiotriphosphate (ATPyS), a non-hydrolysable analogue of ATP. We are involved in systematic studies of RecA-DNA complexes and present here some previously published results and our most recent findings. shows an electron micrograph of a platinum-shadowed RecA-DNA complex formed with nicked circular double-stranded DNA molecules in the presence of ATPyS (taken from ). An unreacted naked DNA molecule is also visible in Fig.  l(a) . The striated appearance of the complexes (zig-zags on negatively stained preparations; Fig. 1 b ) suggests that RecA protein polymerizes on DNA forming a righthanded helical structure. Contour length measurements of such complexes indicated that the DNA in the complex is stretched by 50% compared with its native B-DNA state (Stasiak et al., 1981) . Unwinding determination of the DNA in these complexes showed that the helicity of the DNA is decreased from 10.4 bp/turn to 18.6bp/turn Stasiak et al., 1983) . Measurements of the dimensions of the complexes combined with mass determination using scanning transmission electron microscopy indicated that one helical repeat of the RecA-DNA complex with a pitch of 95 %, consists of 6.2 RecA protein monomers reacting with 18.6 bp of DNA . Image reconstruction from electron micrographs of negatively stained preparations of RecA-DNA complexes (Figs. 1 b and lc) proved to be a powerful method in analysing details of such complexes (Howard-Flanders et al., 1984~) Fig. l(d) shows an image reconstruction obtained from several specimens and subsequently averaged along the helical path. The individual monomers cannot be distinguished on this reconstruction because of averaging, but note the apparent polarity of the complex. Recently, we were able to obtain images with a resolution up to the RecA protein monomers (Stasiak & Egelman, 1986) confirming directly the stoichiometry of one RecA Complexes of DNA with RecA protein formed in the presence of ATPyS are convenient to study because of their stability. However, ATPyS does not promote recombination. Therefore, complexes formed in the presence of ATP should be analysed as well. Unfortunately these active complexes are rather unstable. ATP hydrolysis and accumulation of ADP leads to dissociation of RecA protein from DNA (Menetski & Kowalczykowski, 1985) . In spite of this, by using an ATP-regeneration system and an excess of ATP, it is possible to obtain reproducible preparations of such complexes (Fig. 1 c) . Contour length measurements show slight variations in the length of these molecules, probably reflecting local dissociation of RecA protein monomers from the complex. However, the longest molecules (with the least dissociation) resemble very much complexes formed in the presence of ATPyS (Sogo er al., 1985; see also Flory et al., 1984) . Image reconstruction from 'perfect stretches' of such ATP complexes gives images essentially identical to images of complexes formed in the presence of ATPyS.
The above findings allow us to assume that complexes formed in the presence of ATPyS represent in fact a stabilized form of active complexes formed in the presence of ATP. Therefore the data in Table 1 are likely to refer also to real active complexes during recombination.
Recombination intermediates
In order to study the strand-exchange reaction, we incubated 100 ng of single-stranded circular 0x174 DNA, together with 100 ng of double-stranded linear (PstI cleaved) 0x174 DNA, and with 1Opg of RecA protein in 12 mM-triethanolamine chloride (pH 7.2), 7.5mM-magnesium acetate and IOmM-ATP in a 40p1
Vol. 14 volume at 37°C. The regeneration system consisted of 20 mM-phosphocreatine and phosphocreatine kinase at a concentration of 10 units/ml. After increasing reaction times aliquots were taken, fixed with glutaraldehyde and analysed by gel electrophoresis (not shown, but see Stasiak et al., 1984) and electron microscopy. In Fig. 2 , selected micrographs of recombination intermediates at sequential reaction stages are shown. From the micrographs presented it is evident that under conditions suitable for recombination ([Mg2+] 3 7 mM) double-stranded DNA is not covered by RecA protein (see also Iwabuchi et al., 1983) while single-stranded DNA gets completely covered. Fig. 2(a) shows an initial stage of the strand-exchange reaction. A naked linear double-stranded DNA molecule interacts with a RecAcomplexed circular single-stranded molecule. Notice that glutaraldehyde fixation causes compaction of the RecA-DNA complex; therefore, striations (helical turns) are no more resolved and the contour lengths of the complexes are the same as the length of the corresponding naked double-stranded DNA Flory et al., 1984) .
In early stages of recombination, naked doublestranded DNA not only touches complexes of RecA protein with single-stranded DNA but is taken up into this complex. Segments of more than 1000 base-pairs can be placed together with single-stranded DNA within the same RecA-DNA helical filament. Fig. 2(b) shows a case in which about 1300b of double-stranded DNA is protruding double-stranded DNA visible outside the complex show that it is about 1300 bp shorter than the whole length naked double-stranded linear DNA molecule shown in Fig. 2a) . Fig. 2(c) shows a stage of the strand-exchange reaction where approximately half of the linear double-stranded, DNA molecule is in contact with the single-stranded DNA circle. Regions of contact at such a stage spans over a naked region (gap in the complex) starting from the uptaken end of the double strand and over a region where single-and doublestranded DNA are within the same RecA complex. Evidence suggests that the naked region visible on the circumference of the circle represents the stretch where strand exchange already occurred and RecA protein, having executing its functions, dissociated from the complex. The region where single-and double-stranded DNA are placed together within the same RecA protein filament is likely to be the DNA stretch at which strand switching is about to occur. Here single-and doublestranded DNA are put in register. The fact that the displaced single strand is visible (as covered with RecA protein) only in the later stages of strand-exchange reaction (see Fig. 2 4 suggests that the spatial separation of the displaced single-strand from the newly formed duplex is a slow process. Fig. 2(d) shows a very late stage of the strandexchange reaction. An almost entire newly formed double-stranded DNA circle is visible. The displaced single-strand is covered with RecA protein, as well as a short region where single-and double-stranded DNA are still hold together. After strand exchange has occurred also on this short region the process would be finished and the displaced single-stranded DNA, covered with RecA protein, would separate from the newly formed naked double-stranded nicked circular DNA molecule.
Conclusions
RecA protein can shape double-and single-stranded DNA into a new DNA structure with -18 bp or nucleotaken up into the comp f ex (length measurements of the tides per turn, with an average spacing between bases of 5.1 A. This DNA structure is probably crucial for homology recognition and the strand-switching process. During the strand-exchange reaction double-and single-stranded DNA are placed together by RecA protein within the same helical RecA protein filament. Since they are probably in the same co-axial configuration and thus occupy the same length per nucleotide, the two molecules are ideally prepared for precise homology recognition and the strand-switching process. Direct electron microscopic visualization of RecA-DNA complexes involved in sequential stages of a strand exchange reaction indicates that:
(a) the initial contact of recombining DNA molecules occurs between RecA-covered single-stranded DNA and double-stranded DNA not complexed with RecA; (b) during the step of homologous recognition double-and single-stranded DNA segments are placed together in the same helical RecA protein filament, (c) displacement of single-stranded DNA is a late event in the strand-exchange reaction and occurs only after achievement of homologous alignment. 
